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Microstructural  evolution  of  Ceo.sGdo^Oi.g/NiO  (CGO/NiO)  co-infiltrated  nanoparticles  in 
Sr0.94Ti0.9Nb0.1O3-Zr0.84Y0.i6O1.92  (STN94-YSZ)  anodes  for  solid  oxide  fuel  cells  (SOFCs)  is  investigated 
during  electrochemical  testing  in  a  symmetric  cell  setup.  The  CGO/NiO  infiltrated  symmetric  cells  were 
subjected  to  varying  atmospheres  of  H20/H2  between  650  and  850  °C  and  characterized  by  electro¬ 
chemical  impedance  spectroscopy.  Analytical  high  resolution  transmission  electron  microscopy  showed 
that  the  CGO/NiO  infiltrate  was  found  to  coalesce  and  grow  from  an  indistinguishable  CGO/NiO  fluorite 
structure  of  an  average  diameter  of  5  nm  to  individual  well-connected,  but  phase-separated,  CGO  and  Ni 
particles  of  50  nm  in  average.  This  study  confirms  that  instability  and  growth  of  CGO/NiO  infiltrates  in 
STN-based  SOFC  electrodes  affect  the  morphology  and  can  potentially  be  linked  to  reported  losses  in 
electrochemical  performance. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

A  solid  oxide  fuel  cell  (SOFC)  is  one  of  the  most  efficient  ap¬ 
proaches  for  direct  conversion  of  chemical  energy  into  electrical 
energy  1—3].  A  key  step  in  the  energy  conversion  in  an  SOFC  is  the 
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electro-oxidation  of  a  fuel  at  the  anode  [4].  Infiltration  of  nanoscale 
electrocatalysts  has  become  increasingly  used  in  SOFC  anodes  [5,6], 
mostly  to  enhance  important  properties  such  as  electrocatalytic 
activity  for  fuel  oxidation.  Ce02-based  nanomaterials  have  received 
intensive  attention  as  they  have  beneficial  chemical  and  electro¬ 
chemical  properties  [7].  Nanosized  Gd-doped  Ce02  (CGO)/Ni  infil¬ 
trate  has  been  found  to  be  an  effective  electrocatalyst,  greatly 
enhancing  the  electrocatalytic  activity  for  fuel  oxidation  in  SOFCs 
[8-11].  One  important  concern  is  thereof  raised:  how  stable  is  the 
nanoscale  structure  and  related  properties  of  the  infiltrated 
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electrocatalysts  under  a  variety  of  fuel  environments  and  temper¬ 
atures,  relevant  for  SOFC  operation,  and  what  conditions  can  lead  to 
instabilities?  CGO/Ni  potential  stability  issues  have  been  previously 
raised  for  ceramic  SOFC  anodes  in  symmetrical  cell  configuration, 
upon  exposure  to  high  steam/high  temperatures.  In  most  cases, 
electrode  performance  degradation  is  addressed  with  detailed 
microstructural  investigations,  as  determining  microstructural 
evolution  is  of  fundamental  importance  to  understand  the  behavior 
of  the  electrochemical  responses  [12,13].  Thus,  an  accurate 
description  of  the  microstructural  evolution  of  the  infiltrates  may 
help  improve  selection  of  materials,  facilitate  evaluation  of  SOFC 
performance  and  help  optimize  electrode  design. 

Perovskite-based  doped  strontium  titanate  materials  such  as  La- 
doped  SrTi03  [14,15  and  Nb-doped  SrTi03  [16,17]  have  attracted  a 
great  deal  of  attention,  ascribed  to  their  good  electronic  conduc¬ 
tivity  at  usual  SOFC  operating  temperatures  (over  100  S  cm-1  in  H2 
for  dense,  heavily  reduced  materials)  in  bulk  materials.  In  this 
study,  the  microstructural  investigations  are  focused  on  the  sta¬ 
bility  and  growth  behavior  of  nanoscale  Ceo.sGdo^Oi.g/NiO  particles 
co-infiltrated  into  symmetric  cells  of  STN94/8YSZ  composite  SOFC 
anode  backbones,  which  are  subjected  to  a  subsequent  electro¬ 
chemical  testing  (fingerprint).  The  objective  of  this  paper  is  to  show 
a  detailed  microstructure  evolution  of  the  CGO/NiO  infiltrates  in  a 
variety  of  test  environments  in  order  to  broaden  our  understanding 
of  structural  stability  of  electrocatalysts  in  SOFCs. 

2.  Experimental 

2.1.  Fabrication  and  electrochemical  testing  of  symmetric  cell 

The  symmetric  cell  production  details  can  be  found  elsewhere 
[18,19].  In  brief,  the  symmetric  cells  used  in  this  work  were  a  SC2O3 
and  Y2O3  co-stabilized  Zr02  electrolyte  (180  pm  thick),  and  two 
hand-sprayed  composite  electrode  backbones  of  STN94-(10  vol.%) 
8YSZ  with  an  average  thickness  of  26  pm.  The  backbones  were 
infiltrated  using  a  suitable  water-based  solution  of  CGO/NiO  pre¬ 
cursor.  The  infiltration  solution  was  prepared  by  dissolving  the 
corresponding  nitrates  (Alfa  Aesar,  Ce(N03)3  *  6FI2O, 

Gd(N03)3  *  6FI2O,  Ni(N03)2  *  6H2O)  in  water  along  with  a  suitable 
surfactant  (the  nominal  composition  of  CGO:Ni  (in  wt.%)  is  90:10). 
Each  backbone  was  infiltrated  2—3  times  with  an  intermediate  and 
final  calcination  in  air  at  350  °C  for  2  h.  One  infiltrated  and  350  °C 
calcined  sample,  Sample  I,  was  kept  as  reference. 

The  other  infiltrated  symmetric  cells  were  subjected  to  finger¬ 
print  protocol  (see  Refs.  18,19]  for  further  details)  in  a  specially 
designed  test  rig.  The  cells  underwent  an  initial  stay  in  air  at  850  °C 
for  30  min,  followed  by  a  9%  FI2/N2  atmosphere  at  850  °C  for  1  h. 
The  cells  were  then  characterized  by  electrochemical  impedance 
spectroscopy  (EIS)  from  850  °C  to  650  °C  in  3%  H2O/FI2  (total  2  h, 
low  PFI2O  regime),  followed  by  a  warm-up  to  850  °C  in  the  same 
atmosphere.  A  further  set  of  EIS  measurements  were  then  per¬ 
formed  between  850  and  650  °C  in  50%  H20/H2  (total  2  h,  high 
PFI2O  regime,  Controlled  via  a  p02  sensor  at  the  gas-inlet).  The 
sample  that  experienced  the  fingerprint  is  denoted  Sample  II. 

In  order  to  further  infer  on  preliminary  results,  two  additional 
samples  were  also  analyzed.  They  have  similar  fabrication  history 
as  the  aforementioned  samples.  After  calcination  at  350  °C,  Sample 
V  underwent  a  stay  in  air  at  850  °C  for  2  h;  while  Sample  I"  un¬ 
derwent  a  stay  at  850  °C  for  2  h  using  9%  H2/N2.  The  history  of  the 
four  samples  is  summarized  in  Table  1. 

2.2.  Microstructural  characterization 

All  the  samples  were  prepared  for  detailed  scanning  electron 
microscopy  (SEM)  and  transmission  electron  microscopy  (TEM) 


Table  1 

Thermal  and  exposure  treatments  for  the  four  studied  samples. 

Sample 

Treatments 

I 

II 

V 

r 

Calcined  at  350  °C,  air,  2  h 

Calcined  at  350  °C,  air,  2  h  +  fingerprinted 

Calcined  at  350  °C,  air,  2  h  +  850  °C,  air,  2  h 

Calcined  at  350  °C,  air  +  850  °C,  air,  2  h  +  850  °C,  9%  H2/N2,  2  h 

investigations.  For  SEM,  fracture  surfaces  of  the  samples  were  used. 
In  order  to  prepare  a  high  quality  cross-section  TEM  specimen,  the 
samples  were  first  embedded  in  epoxy  to  stabilize  the  porous 
structure  [20]  and  then  mechanically  polished  to  a  thickness  of 
approximately  20  pm.  Final  thinning  to  <100  nm  thickness  was 
done  by  focused  ion  beam  (FIB)  milling  at  50  pA  probe  current 
using  a  Carl  Zeiss  1540  XB  FIB-SEM.  The  morphology  of  the  sample 
was  analyzed  by  applying  a  field-emission  gun  SEM  (Zeiss  Supra 
35)  operated  at  5  kV,  equipped  with  backscatter  and  in-lens  de¬ 
tectors  and  an  energy  dispersive  X-ray  spectroscopy  (EDX)  detector. 

A  JEM-3000F  microscope,  equipped  with  a  field-emission  gun 
operated  at  300  kV,  was  employed  for  transmission  electron  mi¬ 
croscopy  (TEM)  analysis.  The  point  resolution  of  the  microscope  is 
0.19  nm.  An  EDX  microanalysis  detector  with  an  ultra-thin  window 
was  used  to  perform  chemical  analysis  of  samples  in  scanning 
transmission  electron  microscopy  (STEM)  mode,  utilizing  a  1  nm 
probe  size;  including  EDX  elemental  maps  and  line  scan  profiles. 

3.  Results  and  discussion 

3.1.  As-calcined  nanoscale  infiltrate 

The  SEM  image  of  the  fractured  surface  of  Sample  I  (see  Fig.  la) 
shows  that  after  infiltration  and  subsequent  calcination,  the  CGO / 
NiO  infiltrate  existed  as  a  thin  connected  phase  (illustrated  by  the 
arrows),  homogenously  distributed  throughout  the  backbone,  with 
no  detectable  preferential  coverage  of  STN  or  YSZ  grains  of  the 
backbone.  Due  to  the  low  volume  fraction  of  YSZ  and  porous  nature 
of  the  electrode,  it  was  not  possible  to  directly  distinguish  STN  and 
YSZ  in  the  composite  backbone  structure  using  SEM.  Fig.  lb  and  c 
shows  a  TEM  image  of  Sample  I  and  corresponding  selected-area 
electron  diffraction  (SAED)  pattern,  respectively.  As  can  be  seen 
from  Fig.  lb,  the  CGO/NiO  infiltrates,  at  a  scale  of  several  nano¬ 
meters,  were  well  distributed  on  the  STN  and  YSZ  grains.  As  illus¬ 
trated  by  the  continuous  electron  diffraction  rings  of  Fig.  1  c,  the 
four  main  crystal  planes  of  a  fluorite  structure  (CaF2-type  CGO), 
(111),  (200),  (220)  and  (311)  were  identified  for  the  CGO/NiO 
nanoparticles.  Although  some  species  of  amorphous  nickel  oxides 
might  be  present  on  the  surface  of  CGO  nanoparticles  in  Sample  I, 
no  crystalline  NiO  was  detected  by  TEM  and  SAED.  The  EIRTEM 
image  in  Fig.  1  d  reveals  the  size  of  these  randomly  distributed  CGO/ 
NiO  nanoparticles  to  be  around  5  nm  (see  the  circled  regions).  The 
characteristic  (111)  crystal  plane  of  CGO  was  identified  for  the 
infiltrated  nanoparticles,  which  is  in  good  agreement  with  the 
SAED  analysis  in  Fig.  lc. 

3.2.  The  infiltrate  after  a  fingerprint  test 

After  the  fingerprint  test,  the  infiltrate  materials  changed  from 
CGO/NiO  to  CGO/Ni  due  to  the  reduction  of  NiO  and  had  coalesced 
into  significantly  larger  particles,  as  indicated  by  the  arrows  in 
Fig.  2a.  The  size  of  the  infiltrates  ranged  from  a  few  to  tens  of 
nanometers,  with  some  being  well  above  100  nm,  as  shown  by  the 
TEM  image  in  Fig.  2b.  The  original  fluorite  infiltrate  had  grown  into 
distinguishable  CGO  and  Ni  phases,  as  revealed  by  the  SAED  anal¬ 
ysis  in  Fig.  2c.  In  addition  to  the  electron  diffraction  rings  of  spots  of 
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Fig.  1.  (a)  SEM  image  of  the  fractured  Sample  I.  (b)  TEM  image,  (c)  SAED  pattern  and  (d)  HRTEM  image  of  the  infiltration  region  A  in  (b). 


the  CGO  phase,  which  clearly  show  the  growth  of  CGO  nano¬ 
particles,  the  electron  diffraction  spots  of  Ni  ((111),  (200)  and  (220) 
crystal  planes)  can  also  now  be  found. 

The  HRTEM  image  of  region  B  of  Fig.  2b  is  shown  in  Fig.  3a  and  b. 
These  images  show  the  distribution  of  CGO  and  Ni  phases  by 
applying  the  image  filtering  technique.  The  two  phases  appear  well 
connected.  Applying  the  known  assumption  that  the  net  intensities 
of  peaks  in  the  EDX  line  scan  profiles  are  roughly  proportional  to 
the  amount  of  the  elements,  ratios  between  the  intensities  of  the 
CGO  and  Ni  peaks  can  be  used  to  obtain  further  compositional  in¬ 
formation.  As  shown  in  Fig.  3c,  the  Ce/Gd  ratio  has  a  narrow  dis¬ 
tribution  in  Sample  I,  confirming  the  existence  of  CGO.  The  Ni/Ce 
ratio  is  always  found  to  be  0.25.  This  constant  ratio  indicates  that 


either  Ni  can  be  incorporated  into  the  CGO  structure  or  exists  on  the 
CGO  phase  as  amorphous  NiO  phase.  After  the  electrochemical  test, 
the  composition  of  CGO  was  unchanged,  as  indicated  by  the 
dominating  ratio  of  Ce/Gd  ~2.5  in  Sample  II.  However,  the  ratio  of 
Ni/Ce  is  spread  to  a  whole  range  of  ratios,  revealing  that  Ni  is  no 
longer  closely  correlated  with  Ce,  which  is  consistent  with  Fig.  3b. 
The  CGO  (oxide,  0)  and  Ni  (metal,  M)  are  observed  to  be  well 
connected  with  each  other  after  the  test,  as  shown  in  Fig.  3d. 
Through  a  large  amount  of  EDX  line  scan  profiles  of  the  infiltrated 
CGO/NiO  regions  after  the  test,  a  particle  size  distribution  was  also 
obtained.  Based  on  the  present  statistics  (see  Fig.  3e),  the  average 
size  of  the  nanoparticles  is  ~  50  nm  for  both  the  Ni  and  CGO  phases 
(Note:  grain  sizes  <20  nm  are  not  counted  as  they  cannot  be 


Fig.  2.  (a)  SEM  image  of  the  fractured  Sample  II.  (b)  TEM  image  and  (c)  SAED  pattern  of  the  infiltration  region  B  in  (b). 
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Fig.  3.  (a)  HRTEM  image  and  (b)  the  filtered  image  of  the  infiltrates  in  Sample  II  after  the  fingerprint  test,  (c)  Histogram  of  Ce/Gd  and  Ni/Ce  elemental  ratios  of  the  infiltrate  in  (top) 
Sample  I  and  (bottom)  Sample  II,  obtained  from  the  EDX  line  scan  peaks  of  Ce,  Gd  and  Ni.  (d)  BF-STEM  images  showing  the  existence  of  both  CGO  and  Ni  phases  in  Sample  II, 
confirmed  by  EDX  line  scan  profiles,  (e)  Histogram  of  the  grain  size  distributions  of  (top)  CGO  and  (bottom)  Ni  phases  in  Sample  II,  obtained  by  using  width  of  the  CGO  and  Ni  signals 
in  the  EDX  line  scan  profiles. 


identified  due  to  the  signal  to  noise  ratio);  as  expected,  the  amount 
of  CGO  grains  is  higher  than  that  of  Ni.  Particle  growth  is  usually 
detrimental  as  the  surface  area  decreases,  thus  reducing  the 
amount  of  electrochemically  active  sites  in  an  electrode. 

3.3.  Structural  evolution  of  the  infiltrate 

Considering  that  CGO/NiO  keeps  the  fluorite  structure  of  the 
CGO  phase  (space  group  Fm-3m,  a  =  b  =  c  =  5.43  A,  a  =  p  =  y  =  90°) 
[21],  the  small  amounts  of  Ni  can  be  incorporated  into  the  CGO 
lattice  in  Sample  I.  This  can  occur  if  one  of  the  following  ways: 

(1)  Ni2+  substitutes  Ce4+/Gd3+  in  the  fluorite  structure; 

(2)  Ni2+  is  at  the  interstitial  sites  forming  a  solid  solution, 
particularly  the  subsurface  of  the  tiny  nanoparticles; 

(3)  NiO  sits  on  the  surface  of  CGO  nanoparticles. 

Concerning  (1),  Thurber  et  al.  [22]  reported  the  substitution  of 
Ni2+  for  Ce4+,  and  synthesized  the  fluorite  Ceo.sNio.2O2  at  450  °C 
without  detection  of  a  NiO  phase.  Ye  et  al.  [23],  from  both 


microscopy  observation  and  computer  simulation,  verified  that 
through  vacancy  compensation,  it  is  possible  that  Ni  can  be  sub- 
stitutionally  doped  into  Ceo.sGdc^Oi.g. 

In  terms  of  (2),  it  is  possible  for  Ni  to  be  present  in  interstitial 
positions  due  to  the  large  difference  in  ionic  radius  between  Ni2+ 
(0.69  A)  and  Ce4+/Gd3+  (0.97/0.938  A)  [24].  According  to  molecular 
dynamics  simulations  [25],  in  the  CaF2  lattice  the  presence  of  Ni2+ 
could  be  expected  at  some  interstitial  sites  in  the  fluorite  structure, 
ascribed  to  a  29%  size  difference  when  comparing  Ni2+  with  Ce4+. 
Shan  et  al.  observed  the  formation  of  fluorite  Ceo.7Nio.3O2  without 
obvious  occurrence  of  a  NiO  phase  [26]. 

Thus  besides  CGO,  the  fluorites  CeGd(Ni)Ox/Ce(Ni)Ox  can  also 
co-exist  in  the  as-calcined  infiltrate.  However,  it  is  not  possible  to 
distinguish  them  using  only  SAED  analysis  and  HRTEM  imaging, 
since  they  do  not  only  keep  identical  fluorite  structures,  but  also 
maintain  similar  lattice  parameters  although  small  fluctuations  of 
Ni  or  Gd  exist  locally  for  the  CGO/NiO  region. 

For  (3),  some  tiny  species  of  amorphous  nickel  oxide  can  be 
present  on  the  surface  of  the  CGO  nanoparticles  in  Sample  I, 
although  it  cannot  be  detected  by  using  the  present  analytical 


Fig.  4.  BF-STEM  images  and  EDX  elemental  maps  (Ce,  Ni,  Sr,  Ti  and  Zr)  of  Samples  I  (a),  I'  (b),  \"  (c)  and  II  (d),  respectively. 
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methods.  It  was  found  that  such  dispersed  NiO  has  strong  inter¬ 
action  with  cerium  oxide  [26].  Wrobel  et  al.  [27]  pointed  out  that 
the  strong  interactions  between  Ce  and  Ni  species  occurred  in  the 
Ni0-Ce02  solid  solution  and/or  at  the  interface  of  amorphous  NiO / 
ceria,  and  that  the  solid  solution  can  be  formed  at  the  interface 
between  NiO  and  ceria. 

Based  on  the  aforementioned  analysis,  we  have  observed  the 
indistinguishable  CGO/Ni  fluorite  structure  in  the  as-calcined 
Sample  I. 

A  detailed  compositional  analysis  of  the  samples  was  conducted 
to  probe  the  structural  evolution  of  the  infiltrates.  Fig.  4a  shows  the 
EDX  elemental  maps  of  Sample  I,  where  the  five  main  elements 
were  chosen,  Ce  and  Ni  representing  the  infiltrate,  Sr  and  Ti  rep¬ 
resenting  STN,  and  Zr  representing  YSZ.  One  can  find  that  the  Ce 
and  Ni  signals  are  correlated  in  the  whole  analyzed  region  in  terms 


of  both  location  and  intensity.  As  shown  in  Fig.  5a,  the  line  profile  of 
Ni  is  closely  correlated  with  that  of  Ce,  coinciding  also  with  Gd  (see 
the  arrows). 

Sample  I'  underwent  a  stay  in  air  at  850  °C  for  2  h,  after  an  initial 
calcination  at  350  °C  for  2  h  in  air.  This  is  a  high-temperature  sin¬ 
tering  environment,  which  facilitated  the  growth  of  the  nanoscale 
CGO/NiO  nanoparticles,  as  shown  by  the  image  in  Fig.  4b.  The 
particles  grew  up  to  10-20  nm.  No  significant  change  can  be 
detected  for  the  distribution  of  Ce  and  Ni  in  the  infiltrate.  As 
illustrated  in  Fig.  5b,  the  line  profile  of  Ni  is  still  approximately 
correlated  with  that  of  Ce,  coinciding  also  with  Gd  (see  the  arrows). 
The  local  fluctuation  of  Ni  and  Gd  can  be  found,  as  the  high- 
temperature  sintering  has  induced  growth  of  CGO/NiO  infiltrate 
to  some  extent  consisting  of  Ni-containing  CGO  and  NiO  phases,  as 
shown  in  Fig.  6a  and  b. 


Fig.  5.  BF-STEM  images  and  the  corresponding  EDX  line  scan  profiles  (Ce,  Gd  and  Ni)  of  Samples  (a)  I,  (b)  I',  (c)  \"  and  (d)  II,  respectively.  In  (a)  and  (b),  the  arrows  show  the 
elemental  correlation  at  some  particular  locations. 
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Fig.  6.  (a)  TEM  image  and  (b)  SAED  patterns  of  the  infiltration  in  Sample  I',  (c)  TEM  image  and  (d)  SAED  patterns  of  the  infiltration  in  Sample  I". 


Further  treatment  of  Sample  I'  at  850  °C  in  H2/N2  atmosphere 
for  2  h,  resulted  in  the  significant  infiltrate  growth  on  the  back¬ 
bone  of  Sample  I",  as  shown  by  Fig.  4c.  At  this  scale  a  significant 
enhancement  of  intensities  of  individual  Ni  locations  can  be  seen 
comparing  Ce  and  Ni.  As  shown  in  Fig.  5c,  the  strong  correlation 
between  Ce  and  Ni  seen  for  the  Sample  I  has  been  totally  lost. 
Thus,  compositional  analysis  corroborates  the  existence  of  indi¬ 
vidual  CGO  and  Ni  phases.  The  CGO  and  Ni  phases  are  alternating 
along  the  scanned  lines,  i.e.,  CGO1,  Ni1,  CGO2,  CGO3,  Ni2,  CGO4, 
Ni3,  CGO5  and  CGO6.  The  large  difference  of  contrast  in  image  and 
intensity  in  the  corresponding  profile  illustrates  that  in  contrast 
to  the  grown  Ni  grain  that  reduced  from  the  Ni-containing  CGO 
and/or  surface  NiO,  the  remaining  CGO  region  has  not  been  well 
grown  and  existed  as  the  thin  covering  layers.  That  is  to  say,  the 
brief  high-temperature  reduction  seems  to  have  a  significant 
impact  on  the  Ni  growth,  but  very  limited  impact  for  the  CGO. 
Fig.  6  shows  the  morphology  and  SAED  analysis  of  the  grown 
infiltrate. 

With  the  introduction  of  extending  testing  in  FI20/H2,  the  CGO 
particles  have  also  grown  to  a  similar  size  as  the  Ni  particles  in 
Sample  II,  as  illustrated  by  the  particle  size  distribution  in  Fig.  3e. 
Comparing  with  Sample  I",  as  shown  by  Fig.  5d,  the  enhancement 
of  intensities  of  individual  Ni  particles  is  more  pronounced.  In 
Fig.  5d,  one  can  find  that  the  CGO  and  Ni  phases  are  alternatingly 
distributed  along  the  scanned  lines,  CGO1,  Ni1,  CGO2,  Ni2,  CGO3  and 
CGO4.  The  impact  of  high  steam  partial  pressure  can  be  favorable 
for  the  Ni  growth  [28,29].  It  was  reported  that  self-limiting  grain 
growth  for  CGO  nanoparticles  occurred  upon  exposure  to  a  tem¬ 
perature  below  1100  °C,  and  the  average  particle  size  was  below 
140  nm  [30].  The  formed  Ni  clusters  will  undergo  local  surface 


diffusion  followed  by  its  coalescence  or  agglomeration,  as  Ni  has  a 
high  self-diffusion  coefficient  at  elevated  temperature  [31,32].  But 
limiting  growth  of  Ni  also  exists  in  Sample  II.  In  the  presence  of 
steam,  Ni(OFI)2  formation  may  result  also  in  Ni  transport  via  the 
gas-phase  at  the  sites  of  local  higher  oxygen  activity,  followed  by  Ni 
recondensation  when  Ni(OH)2  is  again  reduced  at  the  sites  of  local 
lower  oxygen  activity  [33],  which  will  limit  the  growth  of  Ni.  Due  to 
the  nanoparticle  growth  and  morphology  change,  loss  of  catalytic 
activity  of  the  electrocatalysts  occurred  and  a  complicated  degra¬ 
dation  of  electrochemical  properties  were  demonstrated  in  our 
previous  work  [18,19]. 

4.  Conclusion 

A  detailed  microstructural  investigation  was  performed  on  CGO / 
Ni  infiltrated  STN/YSZ  electrodes  that  had  been  tested  in  a  sym¬ 
metric  cell  design  under  a  variety  of  H20/H2  conditions.  The 
instability  and  growth  behavior  of  the  CGO/NiO  infiltrate  was 
revealed  as  follows.  The  5  nm  CGO/Ni  particles  exist  as  a  fluorite 
structure  in  the  low  temperature  (350  °C)  calcined  sample.  Clear 
phase  separation  into  CGO  and  NiO  was  not  observed  with  the  used 
techniques.  After  treatment  in  air  at  850  °C  for  2  h,  the  particles 
have  grown  to  10-20  nm.  After  a  further  treatment  at  850  °C  in  H 2/ 
N2  atmosphere  for  2  h,  both  CGO  and  Ni  phases  can  be  clearly 
identified.  The  brief  high-temperature  reduction  can  have  a  sig¬ 
nificant  impact  on  the  Ni  growth  (grew  from  5  to  50  nm),  but  very 
limited  impact  on  the  CGO.  After  a  more  extended  exposure  and 
electrochemical  characterization  test,  the  CGO/Ni  infiltrate  evolved 
into  well-separated  CGO  and  Ni  phases,  with  an  average  size  up  to 
50  nm. 
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